The liver's regenerative capacity is unique, but too small a segment can overwhelm its ability to simultaneously regenerate and support the host, resulting in liver dysfunction and death. Here we tested a temporary Xenogeneic Heterotopic Auxiliary Liver Transplant (XHALT) from Gal-KO miniature swine in a baboon model of Post-Hepatectomy Liver Failure (PHLF) by 90%-hepatectomy. Immunosuppression consisted of CVF, ATG, FK 506 and steroids. 90%-hepatectomized animals died within 4-5 days with the clinical picture of PHLF, (high LFTs and bilirubin, ascites, encephalopathy and coagulopathy). The 10% remnants had macroscopic and histological evidence of severe steatosis and absence of hepatocyte replication. In contrast, the addition of XHALT prolonged survival up to 11 days, with the cause of death being sepsis, rather than liver failure. The remnant liver appeared grossly normal, and on histology, there was no evidence of fatty infiltration, but there was pronounced Ki-67 staining. In conclusion, temporary auxiliary xenografts have the potential to support a small for size liver graft while it grows to adequate size or provide an opportunity for organ recovery in acute liver failure.
Introduction
Donor organ shortage remains a barrier to organ transplantation. As of 2016, it is estimated that on average, 21 people die each day while waiting for a transplant in the United States. There are currently 14,789 patients on the waiting list for a human donor liver; of these, only 7,841 received a transplant (http://www.unos.org) (last accessed on 1.19.2017) .
While living donor liver transplantation (LDLT) has somewhat extended the liver donor pool, there is the associated risk of "Small-For-Size Syndrome" (SFSS) or (PHLF), where the liver cannot maintain vital functions due to insufficient cell mass. The liver loses its ability to regenerate, resulting in delayed synthetic dysfunction, prolonged cholestasis, coagulopathy, ascites, and high mortality [1] . In order to avoid SFSS in the recipient, 40% of the standard liver volume [2] or 0.6-0.8% of the graft weight to patient weight ratio [3] is generally considered to be the minimal graft volume required. However, grafts of this size can put the donor at risk of liver failure [4, 5] . Thus, LDLT is a limited solution for the shortage of deceased donor livers [6, 7] . Xenotransplantation is an attractive strategy to compensate for this donor shortage [8] . Although there are still several issues that need to be addressed for this therapy to become a reality, α-1,3-galactosyltransferase gene-knockout (GT-KO) pigs that do not express the α-1,3Gal (Gal) antigens against which most primate anti-pig antibodies are directed, have improved the likelihood of this potential therapy [9] . Our recent reports demonstrating the survival of a GT-KO pig liver xenograft for more than 25 days, supports the notion that pig livers could be used as bridge therapy while the native liver regenerates, or as a temporary support for small segments [10, 11] .
We therefore tested the effect of a Xenogeneic Heterotopic Auxiliary Liver Transplantation (XHALT) from Gal-KO pigs into baboons undergoing 90% hepatectomy and report our observations in this pilot study.
Materials and methods

Ethics statement
The animal procedures and care in this study was in accordance with the NIH guidelines for the Care and Use of Laboratory Animals and approved by the Massachusetts General Hospital (MGH) Institutional Animal Care and Use Committee (protocol approval number 2010N000177). All surgery was performed under ketamine and Isofluorane anesthesia, and all efforts were made to minimize suffering including the use of pain medication which was performed with fentanyl and buprenorphine.
Experimental animals and general welfare of the non-human primates
Baboons (Papio hamadryas n = 5, Mannheimer Foundation, FL) 8-10 kg were used as recipients, and Gal-KO miniature swine 5-7kg as donors.
The animals were housed in the facilities of the Center for Transplantation Sciences which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Animals were on automatic 12hr light/dark cycles (7am/7pm) and they were monitored daily for health, humane treatment and husbandry conditions. Baboons were given biscuits in the mornings and evenings, and additionally they were offered fresh fruits and vegetables. Animals had unlimited access to water through a lixit. Baboons were provided with enrichment such as toys inside and hanging on their cages. In addition, they had auditory stimulus with TV and music playing. Animals were closely monitored for signs of clinical and general distress and a humane endpoint criterion was used to determine study endpoint which was done with injection of sodium pentobarbital 100mg/kg IV.
Humane endpoints
The animals undergoing liver failure usually present with low appetite, the supportive care provided to these animals is the administration of ensure and yogurt with a syringe directly in their mouth. If we determined that the animals have nothing PO for 24hrs starting on D1 after surgery and no solid food for 72 hrs starting as well on D1 after surgery, then these were considered euthanasia endpoints.
In more detail, these were the criteria that we used to consider euthanasia immediately:
1. If the animal presented severe alteration of mental status that was refractory to urgent care treatment: (i.e animal down in the bottom of the cage, non-responsive to external stimuli, vocalization). Urgent care treatment could include (diuretics, electrolyte replacement, glucose supplementation, dopamine, IV fluids etc.)
2. If the animal presented severe ascites that was affecting the respiratory rate, it is refractory to urgent care treatment and needs to be tap for more than 2 times in a 24hr period, however the number of ascites taps allowed is a decision that was made in consultation with the veterinarian.
3. If the respiratory rate was less than 8 breaths/min or greater than 100 breaths/min that was refractory to urgent care treatment and if it did not respond to paracentesis, but this again was a decision made in consultation with the veterinarian.
4. If the animal required more than 200cc/blood/day (6U for 2 consecutive days) starting on POD1, this however was a decision that was made in consultation with the veterinarian.
Monitoring and alleviation of pain and distress
After any surgical procedure: a member of the staff designated in the procedure form usually remains with the animal until fully recovered from the anesthetic, meaning until the animal is awake and moving purposefully around its cage. The animals are carefully monitored for any signs of pain or distress. Additional analgesics, other medications, and IV fluids will be administered as needed. In the immediate post-operative period, the animals are monitored 2-3 times a day, for the first 24-48hrs. However, if the clinical condition of the animal required more than 48hrs of often monitoring, this was provided as long as was needed. In addition, a veterinarian was on call 24 hours for consultation. The animal could be continuously monitored via a closed-circuit TV system. To alleviate any signs of pain or distress, animals were placed on a fentanyl patch which lasted for 3 days and buprenorphine 0.01 mg/kg IV or IM, single dose.
Experimental design
Solid food was withheld for 12 hours before any surgical procedure, though the animal had unlimited access to water throughout this period. All surgical procedures were done under general anesthesia with Ketamine 20mg/kg IM or 10mg/kg IV single dose and Isofluorane 0.5-1.5% given continuously during the surgery. At the beginning of the procedure, 0.005 to 0.01 mg/kg of Buprenorphine was injected intramuscularly, followed by 0.005 to 0.01 mg/kg IM and the administration of a fentanyl patch (1-4ug/kg/hr) which duration of analgesia lasts for 72hrs. Additional analgesia was considered if the animal was observed to be in distress, with decreased appetite, and increase respiratory rate. Animals were divided into a control group (n = 3) undergoing 90%Hx, and an experimental group (n = 2) undergoing 90% Hx plus XHALT. Immunosuppression for animals in group 2 consisted of tacrolimus (FK) (0.2mg/kg) on D-2, ATG (10mg/kg) and Cobra Venom Factor (CVF) (100u/kg) on D-1 and FK continuous IV for a target serum level of 10-20ng/ml and methylprednisolone in a tapered fashion started at (120mg/d IV). For antimicrobial prophylaxis, cefazolin was administered after line placement, and then ganciclovir and ampicillin-sulbactam started at the time of transplantation. IV omeprazole was given for ulcer prophylaxis. Animals underwent intensive clinical observation throughout the course of the study and IV fluids were administered as required based on clinical and biochemical parameters.
Donor liver procurement
Livers were obtained from MGH GalT-KO miniature swine donors that were derived through breeding of previously cloned founders [9] . On the day of transplant, liver donor procurement was performed as previously described [12] . In brief, after exposing the liver, it was flushed in situ through the aorta with 1L of cold Lactated Ringer's followed by 1L of cold University of Wisconsin (UW) solution. The liver was then excised with the celiac trunk and infrarenal aorta in continuity, the portal vein (PV) to the confluence of the splenic (SV) and superior mesenteric veins (SMV), cuffs of supra-and infrahepatic cava, and the extra-pancreatic bile duct. Portal flush with UW, donor cholecystectomy, and preparation of the vessels were performed on the back table. The liver was stored on ice until implantation. This was a terminal procedure, so animal was euthanized following liver procurement.
90% hepatectomy and xenogeneic heterotopic auxiliary liver transplantation
All Baboons were jacket and tether trained (Lomir, Malone, NY, USA) previous to any experimental procedure. Baboon recipients underwent 90% Hx as a model of PHLF; the median, right and left lateral lobes comprising approximately 50%, 30% and 10% respectively were removed, leaving only the caudate lobe comprising the remaining 10% [13] . Following 90% Hx, animals in the experimental group underwent XHALT. First, splenectomy was performed.
The donor liver was then implanted in the left upper quadrant by anastomosing the donor PV to the confluence of the recipient inferior mesenteric vein (IMV) and SV and the donor infrahepatic cava to the recipient left renal vein (LRV). On reperfusion, 100 cc of blood was flushed through the suprahepatic cava prior to ligating it. The donor infrarenal aorta was then anastomosed to the recipient infrarenal aorta for arterial perfusion of the auxiliary liver. External biliary drainage was with a T-tube into the donor bile duct as previously described [14] . A central line was used in both groups to access for fluids, medication administration and blood draws.
Postoperative monitoring
Daily blood sampling was performed to asses for complete blood count (Hemavet 950 FS Drew Scientific Group; Waterbury, CT, USA), and chemistry for estimation of liver enzymes and electrolytes (Catalyst Dx; IDEXX, Holliston, MA, USA). FK trough levels were drawn daily prior to the administration of the morning dose. Clotting studies were performed in the clinical special coagulation laboratory at MGH.
Monitoring of graft rejection and efficacy of immunosuppression
Blood samples were taken from animals undergoing XHALT before and after implantation, in order to monitor effectiveness of immunosuppression and potentially prevent graft rejection. Analysis was performed using flow cytometry. The following antibodies were used to stain peripheral blood: anti-CD3 (clone SP34-2), (BD Pharmingen) anti-CD20 (clone L27), (BD Biosciences). All samples were collected on a FACSCalibur (becton Dickinson, Mountain View, CA) and analysis performed with the FlowJo (TreeStart, Ashland, OR).
Tissue sample collection and histological evaluation
Liver biopsies from the native liver were obtained under direct vision immediately after 90% Hx and from the transplanted liver on the back table and 30 and 60 minutes post-reperfusion. Additional biopsies of both livers were taken at the time of exploratory laparotomy performed for indication and at necropsy at the time of euthanasia.
Liver tissues were stored in 10% formalin, paraffin embedded, and stained with hematoxylin and eosin (H&E) and for Ki67 (DAKO M7240) to assess for liver regeneration. Images were viewed at 40X magnification and captured using a Nikon confocal microscope (Nikon D-ECLIPSE C1, Tokyo, Japan).
Statistical analysis
Data are presented as mean ± SEM. Significance of the difference between two groups was determined by paired Student's t test. Statistical analysis was performed with Prism software. Values of p<0.05 were considered significant.
Results
Clinical course after 90% Hx alone B1011 recovered slowly from surgery, with decreased appetite and activity. On POD3, the animal was re-explored due to bleeding from the midline incision. An organized blood clot was found on the cut surface of the liver, but no active bleeding. The liver was yellow. The abdomen was washed out and closed but unfortunately the animal could not be weaned off the ventilator and had to be euthanized on POD4 (Fig 1A and 1D) . The animal required a total of 130ml of pRBCs over those 4 days (Fig 1B) .
B266 recovered fully after surgery and was quickly perched. However, as the day progressed, the animal's activity did not increase, she had no appetite and had low urine output. On POD2 the animal developed some ascites, which significantly increased until POD 5, when severe respiratory distress caused by the abdominal distension appeared. After therapeutic paracentesis with light sedation, the animal passed away later that day without recovering consciousness following the procedure (Fig 1A and 1D) . This animal received a total of 30ml of pRBCs (Fig 1B) .
B2512 woke slowly and ate very little, having severe emesis on POD2. The animal deteriorated rapidly and was euthanized on POD3 for profound encephalopathy (Fig 1A and 1D) . This animal did not required pRBC (Fig 1B) .
Clinical course after 90% hepatectomy plus XHALT B347 recovered from surgery slowly, had poor appetite and activity through POD2, but slowly became more active and hungry on POD3. A rise in bilirubin prompted an exploratory laparotomy on POD6 (Fig 2A) . No bile leaks/obstructions were found, and both the graft and native liver looked normal and viable ( Figs 3A and 4B) . The animal returned to the OR on POD9 for another rise in Tbi and AST and lack of bile output in the XHALT drain (Fig 2A) . 400ml of bloody ascites and 35 ml of bloody pleural fluid were drained. The native liver appeared normal, and slightly larger in size, however the donor liver xenograft was dark and firm, leading to graftectomy (Fig 4B) . The left renal vein was damaged during graft removal, requiring kidney removal. The animal recovered poorly after anesthesia and developed severe hypoglycemia. By POD11, the animal was anuric and lethargic, and was euthanized (Fig 1A  and 1D ). On necropsy, the native liver appeared normal and had grown significantly in size (Fig 3) . Ascites cultures from POD 9 eventually grew out pseudomonas. Due to low hematocrit and platelets, the animal required blood support throughout (Fig 1B) .
B388 The animal recovered well after surgery and had good appetite and activity for 3 days, in spite of getting daily general anesthesia for blood work, as his blood draw lines were not functioning. On POD3, the animal returned to the OR for a combination of mild abdominal distention and tachypnea, decreased bile output, and for placement of new lines.
On exploration, there was blood tinged ascites and the xeno-and native livers were both healthy appearing. The bile tube was taken out of the bile duct, flushed, and replaced, and bile was observed to fill the tube. The animal recovered, but remained quiet throughout the day and was finally euthanized for abdominal distension and respiratory distress (Fig 1A  and 1D ). Autopsy showed bloody ascites, normal appearance of both native liver and the xenograft, and no evidence of vascular thrombosis (Fig 4C) . Severe pulmonary edema was observed in both lungs and thought to be the cause of the animal's demise. The animal required 180ml of pRBCs (Fig 1B) . 
Improvement of liver injury markers with XHALT
Control animals showed continued increase in AST and ALT (Fig 2A) until death POD3-5. In contrast, animals receiving XHALT in addition to 90% Hx, had consistently lower ALT (Fig  2A) than control animals, in spite of a much larger hepatocyte mass in XHALT animals. AST, which is preferentially released by pig livers, were much higher in XHALT animals because of the presence of the xenograft, but decreased over time as the xenograft recovered, rather than continuing to increase as both the ALT and AST did in control animals (Fig 2A) .
Improvement of liver synthetic function parameters with XHALT
To determine the synthetic ability of the liver, coagulation parameters such as PT, PTT, INR and fibrinogen were measured. Control animals had a significant increase in INR, PT and PTT and associated decrease in fibrinogen starting on POD1 (Fig 2B) , in spite of transfusing several units of FFP (Fig 1C) . XHALT animals also had increased INR, PT, and PTT on POD1, but this immediately decreased back to baseline by POD2 (Fig 2B) . In addition, both XHALT recipients had normal fibrinogen levels by POD2, reflecting intact synthetic function of the combined livers, (Fig 2B) while receiving less FFP than control animals ( Fig 1C) . Of note, in spite of improved coagulation factor levels in the XHALT animals, they still required pRBC transfusions (Fig 1B) , possibly related to severe thrombocytopenia (Fig 2A) , which is a well-described finding in nonhuman primates receiving pig livers [15] [14] .
Decreased steatosis in liver remnant with XHALT
The caudate lobe remnant in control animals was consistently yellow and friable at necropsy on POD3-5 ( Fig 5A) . Severe micro and macrosteatosis was confirmed by histology, and immunohistochemistry revealed very few Ki-67 positive cells (Fig 5B and 5C ). In contrast, the caudate lobe remnants in animals that also received XHALT appeared grossly normal at necropsy on POD4, and on exploratory laparotomy POD6 and necropsy POD11 (Figs 5D, 3A and 3D and S1). Although these time points are later than necropsies performed on control animals, the two XHALT animals also underwent exploratory laparatomy on POD3 and 6, during the same time period as control animal underwent necropsy, and the native liver remnants appeared normal in color and texture at those earlier times, as well (Fig 3A) . Biopsies of the caudate remnants taken at ex-lap and at necropsy on the XHALT animals showed normal parenchyma with no fat deposition and significant Ki-67 staining (Figs 3A and 5D-5F,).
Xenogeneic liver graft outcomes
Early biopsies of xenogeneic livers showed mild thrombotic microangiopathy (TMA) that progressed to centrilobular necrosis in later samples (Fig 4) . The grafts showed no signs of rejection on histology, which together with the low levels of circulating CD3 and CD20 cells (Fig 6) , indicates that graft dysfunction was more due to TMA rather than rejection itself. Interestingly, the xenografts also showed a high percentage of Ki-67 cells (Fig 4B and 4C) and serum IL-6, a crucial cytokine initiating hepatocyte replication, was lower in XHALT animals than control animals (Fig 4A) 
Discussion
We found that a xenogeneic liver transplant from GTKO miniature swine was associated with prolonged survival and improve liver function parameters in baboons that had undergone 90% Hx. While it is not so surprising that an XHALT can support an NHP with only 10% of its liver, since orthotopic liver transplantation from pigs to baboons has resulted in survivals of over a week [10, 15] , it is remarkable that the presence of the XHALT prevented hepatocyte injury and steatosis and promoted hepatocyte replication in the native liver remnant. This is the first demonstration that providing liver support can mitigate injury and promote regeneration of a native small for size liver segment that would otherwise be insufficient to support life. XHALT recipients had lower serum ALT than 90% Hx only animals, and the native liver remnants had no histologic evidence of steatosis or inflammation (Figs 3 and S1 ), while 90% Hx only animals had severe micro and macrosteatosis and inflammation in their native liver remnants. Furthermore, XHALT recipients' native liver remnants were regenerating at time points when control animals' native liver remnants had no Ki-67 (POD 3-6) and continued to later time points (POD 4-11), when the control animals had already died. This suggests that XHALT has the potential to act as temporary in vivo liver support [16] and not only serve as a bridge to transplant, but also allow small segments to grow to adequate size or to allow native liver recovery from acute liver failure.
One serious limitation of this pilot study is the fact that the control group did not receive immunosuppression and neither undergo splenectomy with splenorenal shunt, in order to mimic the immunosuppressed state and portal decompression accompanying the XHALT in the animals that received that intervention. Therefore, it is difficult to distinguish the salutary effects of the xenoliver itself from potential benefits arising from suppression of inflammation and diversion of portal flow. Having observed clinical and histologic differences between the two groups in this study, it would be important to go back and perform additional controls to be able to clearly separate the effects of the three components comprising XHALT-the auxiliary xenohepatocyte mass, portal diversion, and immunosuppression--as well as refine the XHALT procedure to obtain better xenograft function and survival. As we gain new knowledge and develop new technology for modifying xenolivers, this is becoming increasingly feasible.
There have been previous attempts to use xenogenic heterotopic liver transplantation as a bridge in humans, one with a chimpanzee liver and another with a pig liver [17, 18] . Although both patients showed improvement in liver function and some clinical response, the first graft survived only 24 hours and the second patient died 34 hours after the procedure, so it was not possible to evaluate the effect of either on native liver regeneration or to be sure that the xenograft had improved the outcome. 11 day survival of the auxiliary liver xenograft, as in this study, is likely still not long enough for clinical application, as human livers generally take 1-2 months to grow back to full size after partial hepatectomy [19, 20] . However, it was associated with prolonged survival and native hepatocyte replication. Furthermore, we have found that administration of exogenous human coagulation factors can prolong liver xenograft survival to 25 days, which probably is sufficient [10, 11] . Our 10% native liver remnant was not able to achieve the effect of exogenous administration of coagulation factors, and the addition of exogenous coagulation factors to our small for size model could further improve outcomes in an XHALT model. Genetic modification aimed at controlling thrombotic microangiopathy and xenoimmune responses will likely have beneficial impact, as well.
Once the native liver grows to adequate size, the pig liver could subsequently be removed and immunosuppression withdrawn, obviating the adverse effects of long-term immunosuppression. In the case of supporting a small for size transplanted segment, immunosuppression could be decreased to standard levels for allografts, rather than the heavy immunosuppression currently required to maintain a xenograft.
It has been demonstrated that lipid accumulation following partial hepatectomy is specifically regulated and may be essential for normal liver regeneration [21] . However, dysregulation of this process results in lipid overloading and impaired hepatocyte DNA replication, potentially caused by ER stress [22] . We observed that animals undergoing 90% Hx showed severe steatosis and minimal hepatocyte replication (Fig 5A) . With XHALT, the native liver remnant appeared normal macroscopically and histologically and hepatocyte replication was seen at both early and later time points (Figs 3 and 5 and S1 ).
Successful liver regeneration is a complex process involving many cytokines and growth factors from multiple cell types, acting in a delicate balance. After partial hepatectomy, the remnant liver undergoes changes in portal perfusion, which is thought to act as the initial stimuli to active innate immune cells such as Kupffer cells to secrete cytokines (IL-6 and TNF) that in turn will stimulate the hepatocytes, normally in G0, to enter G1 [23, 24] . Following 90% Hx, with or without the addition of XHALT, there was an increase in IL-6 levels in all animals at just 3hrs following Hx, which is crucial in priming the hepatocytes for cell-cycle entry. Interestingly, in hepatectomy alone animals, IL-6 levels remain high, while they decreased over time in XHALT animals ( Fig 4A) . Interestingly, excess IL-6 can paradoxically block cell cycle entry and instead promote apoptosis [25] , so it is possible that the continued elevation of IL-6 inhibits hepatocyte replication in the 90% Hx alone animals. It is not clear in our model whether the immunosuppressive regimen decreased IL-6 secretion, the xenogeneic liver promotes native liver regeneration by acting as an IL-6 sink, or if the presence of the xenograft limits the inflammatory response to liver injury and decreases production of IL-6.
It has also been shown that inflammatory mediators such as IL-6 are increased in serum from patients with NASH and these patients are also known to have disturbed liver regeneration [26, 27] . In the presence of fatty hepatocytes, intracellular fatty acids foster the production of reactive oxygen species (ROS) augmenting mitochondrial oxidative stress and lipid peroxidation [28, 29] . Moreover, steatotic livers have impaired antioxidant scavenging ability of free radicals triggering ROS buildup, leading to the activation of innate immune cells such as Kupffer cells (KC), which produce pro-inflammatory cytokines such as tumor necrosis factor (TNF), IL-6 and IL-1, further exacerbating hepatocellular damage in steatotic livers [28, 29] . Animals undergoing 90% hepatectomy alone, presented with significantly higher degree of steatosis compared to animals undergoing XHALT (Fig 5A and 5B) . The severe inflammatory reaction may exacerbate the decreased functional capacity of the steatotic remnant. In XHALT, lower levels of IL-6 might also limit the systemic inflammatory response, contributing to prolonged survival.
In summary, XHALT from Gal-KO pigs to baboons with otherwise lethal PHLF has the potential to act through multiple pathways to result in our preliminary finding that it is associated with prolonged survival, decreased native hepatocyte injury, and increased native hepatocyte replication. Further work needs to be done to determine whether temporary auxiliary liver xenografts could support patients with inadequate liver mass, whether from acute liver injury, hepatectomy, or small segment transplantation, through native liver recovery. New technologies and reports from other groups have made the prospect of clinical xenotransplantation a more realistic option. There are 3 major hurdles to overcome before we can use a porcine liver clinically: 1) immune response 2) physiological incompatibilities between the porcine organ and the human recipient and 3) the risk of transmitting zoonotic pathogens from pig to humans. With the advances in gene editing tools, it is now much more feasible to produce knock out or knock in pigs which could alleviate the physiological and immunological hurdles [30] . This technology has already been used to eliminate PERV expression [31] . In addition, the use of new immunosuppressive agents such as costimulatory blockade, have enabled prolonged survival of extra-hepatic xenografts for several months-long enough to serve as temporary support to bridge the patient until a destination organ becomes available [10, 32, 33] Supporting information 
